A ternary metal-rich telluride Pd2NiTe2 has been prepared by the solid-state reaction. This compound crystallizes in the orthorhombic K2ZnO2-type structure with space group Ibam. In this structure, the Ni atom is tetrahedrally coordinated and the NiTe4 tetrahedra share edges forming one-dimensional chains with short Ni-Ni bondings along the c-axis. Through magnetic susceptibility, specific heat, and electrical resistivity measurements, this compound shows Pauli paramagnetism and metallic electrical conductivity. The electronic structure calculation of Pd2NiTe2 suggests that its electrical conductivity is a three-dimensional one, which is caused by conduction bands originated from d orbitals of Pd and Ni and p orbitals of Te.
Introduction
Transition metal chalcogenides have been of interest in chemistry and materials science because of their exceptional physical and chemical properties such as charge-density-wave behavior, 1) ,2) superconductivity 3),4) and intercalation reactions. 5), 6) In addition, striking structures are observed in the mixed metal-rich chalcogenides, which form a wide variety of heterometallic bonds ranging from one-dimensional (1D) chains in Sc14M3Te8 (M = Ru, Os), 7) two-dimensional (2D) slabs in Ni6SnS2, Ni9Sn2S2 8) and three-dimensional (3D) frameworks Ta9M2S6 (M = Fe, Co, Ni). 9) In our previous studies, the parkerite-type chalcogenides Bi2M3X2 (M = Ni, Rh, Pd; X = S, Se) containing 2D-like M-M bondings exhibited a superconducting transition below 1 K through their electrical resistivity and specific heat measurements.
10)-12) Furthermore, a new rhodium selenide Bi2Rh3Se2 demonstrated a charge-density-wave (CDW) transition around 240 K in addition to a superconducting transition at 0.7 K. 11) In the case of Bi2Rh3Se2, it is suggested that a pseudo 2D Fermi surface formed by the strong 2D Rh-Rh bonds yields the CDW state below 240 K.
Recently, Pocha et al. reported the syntheses and crystal structures of new ternary chalcogenides Pd2MCh2 (M = Fe, Co, Ni; Ch = Se, Te). 13) These chalcogenides crystallize in a K2ZnO2-type structure with space group Ibam. In this structure, the M ions are tetrahedrally coordinated by chalcogenide ions and the MCh4 share edges forming an infinite 1D chain parallel to the caxis. These 1D chains are separated by [Pd2] dumbbells with Pd in a fivefold coordination of chalcogenide ions. The electronic structure calculation of Pd2CoSe2 indicates that this compound has the nature of chemical bonding in the electron-rich intermetallic compounds. 13) Although such a chalcogenide is expected to show interesting electrical properties like CDW, its electrical properties have not been investigated yet.
We have elucidated the transport properties of the K2ZnO2-type Pd2NiTe2 through its electrical conductivity, and specific heat measurements, and the electronic structure calculation. In this paper, these results will be reported.
Experimental
The Pd2NiTe2 compound was prepared from stoichiometric mixtures of the elements: palladium powders (purity 99.9%, Tanaka Kikinzoku Kogyo KK), nickel telluride powders (purity 99.9%, Kojundo Chemical Lab. Co., Ltd.), and tellurium powders (purity 99.9%, < 53 μm, Kojundo Chemical Lab. Co., Ltd.).
The samples were treated in a glove box under an Ar atmosphere. The mixtures were ground in an agate mortar, pelletized, and sealed in a quartz tube. To avoid reactions between the sample and quartz tube, the inside of the tube was coated with carbon. The sample was heated at 1123 K for 12 h, and then was reground, re-pelletized and re-heated in an evacuated, carboncoated quartz tube at 873 K for 12-60 h.
Powder X-ray diffraction (XRD) profiles were obtained using a Rigaku Multi-Flex diffractometer with graphite-monochromatized Cu Kα radiation in the range 10 ≤ 2θ / º ≤ 120 (Δ2θ = 0.02º). The crystal structure was refined by the Rietveld method (RIETAN-FP program). 14) A pseudo-Voigt profile function was used for describing the peak shape.
Temperature dependence of the electrical conductivity was measured by a DC four-probe method in the temperature range between 2 and 300 K. The sintered sample was cut into a piece whose size was approximately 5 × 1.5 × 1.5 mm 3 . To connect four wires to the sample, a silver paste was used. The magnetic susceptibility measurement was carried out in the temperature range between 5 and 300 K at 0.1 T by using a SQUID magnetometer (Quantum Design, MPMS-5S). The specific heat measurement was carried out using a relaxation technique supplied by a specific heat measurement system (Quantum Design, PPMS) in the temperature range from 2 to 20 K. The sample in the form of a pellet (~20 mg) was mounted on an alumina plate with Apiezon N-grease for better thermal contact.
The calculation of the electronic structure and the density of states (DOS) were performed using the WIEN2k code. 15) This program employs the full potential linearized augmented plane wave + local orbitals (FP-LAPW + lo) method based on the density functional theory (DFT) with the generalized gradient JCS-Japan approximation (GGA).
Results and discussion

Crystal structure
The Pd2NiTe2 crystallizes in the orthorhombic K2ZnO2 type structure (space group Ibam, Z = 4). The refinement of the crystal structure was performed by the Rietveld method with the RIETAN-FP program.
14) The reported lattice and positional parameters were used as the initial parameters. 13 ) Figure 1 shows the observed and calculated XRD profiles for Pd2NiTe2. The calculated X-ray diffraction profile was in good agreement with the observed one (Rwp = 10.5%, RI = 3.4%). The lattice parameters a, b, and c were determined to be 6.3036(1) Å, 11.2527(1) Å, and 5.1560(1) Å, respectively. Table 1 summarizes the refined structural parameters for Pd2NiTe2. These values are in good agreement with the reported values.
13) The theoretical parameters are also listed in Table 1 , as will be described later. The Ni-Te interatomic distance in the NiTe4 tetrahedron is determined to be 2.530(2) Å and is in agreement with that (2.506 Å) for the PtTe-type NiTe containing edge-shared NiTe4 tetrahedra.
16) The Ni-Ni distance in the [NiTe2] ∞ chain is obtained to be 2.578(2) Å. This distance is closer to the Ni-Ni distance (2.492 Å) in fcc nickel metal 17) rather than the distance (2.708 Å) for the PtTe-type NiTe, 16) which is indicative of Ni-Ni bonding. This Ni-Ni bonding leads a distortion and compression of the NiTe4 tetrahedron along the c-axis. Pocha et al. reported that the Co-Co distance for the isostructural Pd2CoSe2 is in agreement with fcc cobalt metal and confirmed the strong metal-metal bonding from the electronic-structure calculation. 13) Due to the deference in the metal-metal bondings between Pd2CoSe2 and Pd2NiTe2, the longer Ni-Ni distance should be derived from the substitution of selenium to larger tellurium and is expected that the metal-metal bonding becomes weaker. In addition, a Pd-Pd interatomic distance (2.900(2) Å) also exists in Pd2NiTe2 and is slightly longer than that (2.75 Å) of fcc palladium, which might indicate metal-metal bondings. These metal-metal bondings will be discussed latter. Figure 3 shows the temperature dependence of magnetic susceptibility (χ) for Pd2NiTe2. The data has been corrected for the core diamagnetism of χcore = -2.11 × 10 -4 emu/mol. 18) This compound shows Pauli paramagnetism. Below 50 K, the Curie paramagnetism is observed, which is probably due to a small amount of impurities undetected by the XRD profile. The corrected susceptibility data can be represented by the following formula:
Physical properties
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The third and fourth susceptibility are the Curie paramagnetism of impurities and the high-order temperature dependent term in the Pauli paramagnetism, respectively.
19) The first two terms are the Pauli paramagnetic and Landau diamagnetic terms and can be expressed by χPaul + χLandau = NAμ0μB
where μ0, m * , and N(εF) are the permeability of vacuum, the effective mass, and the density of states at the Fermi level, respectively. From the susceptibility between 5 and 300 K, the temperature-independent susceptibility (χPaul + χLandau) is estimated to be 2.671(4) × 10 -4 emu/mol. Figure 4 shows the specific heat divided by temperature (Cp /T) as a function of squares of temperature for the Pd2NiTe2. The value of RW is 1.69, which indicates that the electron-electron interaction is not so strong. The theoretical Pauli susceptibility (χPauli theor ) is 1.02 × 10 -4 emu/mol. So the calculated Stoner
is equal to 2.96 and is larger than the value of 1 for the free electron system, where I is the exchange integral that reflects the exchange splitting of energy band. The Pd2NiTe2 contains Ni-Ni and Pd-Pd bondings. However, this Stoner factor (S) of Pd2NiTe2 is lower than that (S~4.5) of palladium metal with the largest Stoner factor among pure elements. 21) Pauli paramagnetism of Pd lies close to a ferromagnetic instability. The S of Pd2NiTe2 is too small to occur spin polarization such as ferromagnetic ordering. These results reveal that Pd2NiTe2 exhibits normal metal behavior with weak electron-electron correlation. Figure 5 shows the electrical resistivity (ρ ) as a function of temperature for the Pd2NiTe2. The resistivity of Pd2NiTe2 shows typical metallic behavior up to 300 K. From the Bloch-Grüneisen model for Debye phonons, one expects that the temperature dependent term is proportional to be T 5 at low temperatures. 22) We have fitted the relation ρ (T) = ρ 0 + AT n to the total resistivity ρ (T) below 20 K, and the value of n was determined to be 3.09 (5) as shown in the inset of Fig. 5 . This value of n = 3.09 is indicative of some contributions in addition to the phonon one (ρ ph). As no magnetic contribution to the electrical resistivity exists owing to the absence of the localized magnetic moment, the resistivity with the temperature dependence of T n (n < 5) should be derived from the resistivity by the scattering between conduction electrons with T 2 dependence.
Electronic structure
In order to elucidate the physical properties of Pd2NiTe2, the electronic-structure calculation of Pd2NiTe2 was performed with using the WIEN2k code. Table 1 lists the theoretical parameters after full geometry optimization. The theoretical cell volume is about 3% larger than the experimental value. The theoretical positional parameters are in good agreement with the experimental parameters refined by the Rietveld method. Figure 6 shows the total density of states (DOS) and the partial DOS of each atom of Pd2NiTe2. The features of the total DOS and the partial DOS of Pd, Ni, and Te are very similar to those of the total DOS and partial DOS of Pd, Co, and Se for Pd2CoSe2, 13) respectively. However, the Fermi level shifts toward higher energy only for one electron by substitution of cobalt to nickel. The total DOS at the Fermi level is 6.3 states/eV cell and is composed by ~30% Pd, ~40% Ni, and ~15% Te. From this total DOS, the γ theor and χPauli theor are calculated to be 7.40 mJ/K 2 and 1.02 × 10 -4 emu/mol, respectively. The band structure reveals that 4d orbital of palladium, 3d orbital of nickel, and 5p orbital of tellurium mainly form a conduction band and that the Fermi surface has a complicated and three-dimensional feature. Consequently, the electrical conductivity of Pd2NiTe2 should be a three-dimensional one.
Furthermore, we have checked the metal-metal bonding situation in Pd2NiTe2 by the Bader's "Atoms in molecules (AIM)" theory. 23) This topological theory of the total electron density (ρ (r)) provides a rigorous definition of chemical bondings in molecules and solids. The topology is characterized by its critical points (CP): maxima, minima, and saddle points. These are points at which the gradient vector field (∇ρ (r)) vanishes, and they are classified by three eigenvalues λi (i = 1, 2, 3) of the Hessian matrix (Hij = ∂ 2 ρ (r) /∂xi ∂ xj). The ρ (r) and the Laplacian (∇ 2 ρ (r) = λ1 + λ2 + λ3) at the bond critical points (BCP)
gives information for chemical bonding. 23 ) Table 2 lists the calculated position (xBCP, yBCP, zBCP), ρ (r), λ1, λ2, λ3, and ∇ 2 ρ (r) of Pd2NiTe2 and those of Pd2CoSe2. 13) The values of ∇ 2 ρ (r) and ρ (r) of the Ni-Te bonding in Pd2NiTe2 are comparable with those of the Co-Se bonding in Pd2CoSe2. However, two metalmetal bondings (Ni-Ni, Pd-Pd) remarkably differ from those (Co-Co, Pd-Pd) in Pd2CoSe2. The ∇ 
